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ABSTRACT 


The data of several investigators conducting research in 
the area of enhanced heat transfer in internally ribbed and 
Spirally corrugated tubes is compiled and examined to deter- 
Mine the effects of the geometric characteristics of enhanced 
tubing on flow resistance and heat transfer. The data are 
compared to determine if there are any relations, either new 
Or previously published, which can be of use to the designer 
Mempredict the friction factor and heat transfer coefficient 
for a specified enhanced tube. 

Empirical relations are recommended for friction factor 
mma heat transfer coefficient for single-start and multiple- 
Start spirally corrugated tubes based on the law of the wall 
Similarity analysis and a heat transfer similarity analysis. 
The empirical relations are compared to experimental data 
for single-start and multiple-start corrugated tubes with 
pitch-to-groove ratios greater than 10 and dimensionless 
groove depths less than 0.05. The recommended relations 
correlate with the experimental data for heat transfer 


Beerticient within +15% for 94% of the specified tubes. 
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NOMENCLATURE 


heat transfer area 


PrcerOne factor GOrrelating parameter, equations 
(5) and (6) 


heat transfer correlating parameter, equation (18) 
Maximum inner diameter 

groove depth (rib height) 

dimensionless groove depth (rib height) 

roughness Reynolds number, e = (e/D,) Rev£/2 
Panmmmingd trice lon Lfaceor 

mass velocity 

heat transfer correlating parameter, equation (18) 
heat transfer correlating parameter, equation (28) 
heat transfer correlating parameter, ecuation (20) 
empirical exponent, equations (20) and (22) 
representative roughness element height 

tube length 

leadof groove (rib) 

operand for equation (8) 

Number of groove (r’b) starts in enhanced tube 
Nusselt number 

Prandtl number 

SEOovenw (rib) pitch 

dimensionless pitch 


pitch-to-groove ratio 





R - tube radius 


Re - Reynolds number 
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GREEK SYMBOLS 


Q - helix angle defined by equation (1) 
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le) - fluid density 
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ee CRODUETION 


A. BACKGROUND INFORMATION 

In recent years there has been an increasing awareness 
of the benefits to be derived from the augmentation of heat 
transfer in naval condensers. Augmented heat transfer will 
permit condensers to be designed smaller and with greater 
efficiency. The smaller size and increased efficiency will 
result not only in reduced capital costs, but also in de- 
creased operating expenses. 

Bergles [1] compiled a comprehensive summary of existing 
works covering various heat transfer augmentation techniques. 
These various techniques are divided into two broad classes: 
active techniques and passive techniques. Active techniques 
include surface vibration, electro-static fields, etc. 
Passive technigues include roughened surfaces, fins, internal 
Swirl devices, etc. 

For condenser applications, a prominent heat transfer 
augmentation technigue is the use of tubes with either inter- 
nal ribs or spiral corrugations. Carnavos [2] conducted 
experiments on 8 tubes having internal spiral ribs. Figure l 
is a photograph of the type of tube studied. The experiments 
were conducted using water, air, and a 50/50% ethylene glycol/ 
water solution in a counter-flow heat exchanger apparatus. 
Gee and Webb [3] also conducted experiments on the type of 


tube shown in Figure 1, but with tubes of a larger diameter. 
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Their experiments were conducted with air as the working 
fluid. Webb, et al [4] also used air as the working fluid 
in their investigation of 5 tubes enhanced by the addition 
of internal transverse ribs of the type shown in Figure 2. 
Han, et al [5] also conducted experiments with repeated-rib 
roughness, but with the repeated ribs mounted on a flat 
plate. 

Mehta and Rao [6] and Gupta and Rao [7] have reported 
on heat exchanger tubes enhanced by the mechanical rolling 
of a spiral groove along the length of the tube. The general 
configuration of this type of spirally corrugated tube is 
Shown in Figure 3. The tests were conducted using water, 
meooglLycol, and dilute aqueous solutions of 0.3%, 0.5%, and 
0.75% by weight of sodium carboxy methyl cellulose and 1.0% 
Peeassium alginate. Data reduction techniques accounted for 
the property dependence in the flow resistance and heat 
meansiter calculations. 

LaRue [8] reported on spirally fluted tubes manufactured 
by General Atomic Company. The General Atomic tube is made 
by first impressing the desired fluting onto a narrow strip 
Bremetal, and then rolling the fluted strip into a tube, while 
welding the seam. Figure 4 is a photograph showing three tubes 
made by this process. The three tubes in Figure 4 are labeled 
feeemethe helix angle value for the tube. The tests of LaRue 
fel were Conducted with water as the working fluid, for heat 


transfer in both the radially inward and radially outward 
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g 
e/D; Relative roughness 
p/e Relative rib spacing 


FIGURE 2 Illustration of repeated-rib roughened enhanced 
tube ,showing characteristic dimensions. From {4}. 
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corrugated enhanced tubes 


Photograph of a spirally 
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directions. Bergles [9] provides a summary of studies con- 
ducted for spirally corrugated tubes manufactured by Turbo- 
tec Products by a process of twisting a smooth tube until 
the desired spiral is obtained. Figure 5 is a photograph of 
the Turbotec tube. 

Catchpole and Drew [10] and Cunningham and Milne [11] 
conducted similar experiments on spirally corrugated tubes. 
Both teams of investigators studied tubes manufactured by 
Yorkshire Imperial Metals, of the United Kingdom which are 
Similar in appearance to the tube shown in Figure 3. 

Withers [12,13] reported on tubes manufactured by the 
Wolverine Division of United 01il Products. These tubes are 
listed by the trade names of Korodense (Figure 6.a) and Turbo- 
Mt (Figure 6.b). Withers [12,13] conducted his experiments 
with a water-to-water heat exchanger. 

Marto, et al [14] report on the results of experiments 
conducted on General Atomic, Turbotec, and Korodense tubes. 
The experiments were conducted in a condensing application 
with water as the working fluid. 

All of the above cited works report on experiments con- 
ducted with the enhanced tubes mounted horizontally. Newson 
and Hodgson [15] report on a variety of tubes (Figure 7) for 
condenser application with the tubes mounted vertically. 

Li, et al [16] conducted experiments on 20 spirally 
corrugated tubes of the type shown in Figure 3. Addition- 


ally, three tubes were specially manufactured of clear plastic 
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feeaere 6 Lilustrations of a.)Korodense and b.)Turbo-chil 
enhanced tubes manufactured by Wolverine. 
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FIGURE 7 


Photograph of enhanced tubes studied by Newson 
and Hodson [15] 
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to aid in the study of flow patterns in corrugated tubes. 
The heat transfer experiments were conducted with the tubes 
in a horizontal mounting, while the flow visualization studies 


were conducted with the tubes mounted vertically. 


B. PARAMETRIC ANALYSIS 

Figure 8 illustrates the three geometric characteristics 
commonly associated with enhanced heat transfer tubing. The 
mmeoeve Ditch, p, is defined as the longitudinal distance 
between successive grooves (ribs) in the tube. The groove 
(rib) depth is defined as the radially inward depth of the 
Groove, in the case of spirally corrugated tubes, or the 
Memont Of the internal rib in the case of internally ribbed 
tubes. The diameter, D., is defined as the maximum inner 
diamter of the enhanced tube. (NOTE: Figure 8 is an illus- 
tration for the Korodense tube, but the general geometric 
characteristics are common to all tubes.) 

The three geometric characteristics of the enhanced 
tubes have been combined by several researchers into three 
dimensionless parameters defined as the dimensionless groove 
depth (rib height), e/D;, the pitch-to-groove ratio, p/e, 
and the dimensionless pitch, p/D,. Since the dimensionless 
me2ech, p/D., is a combination of the dimensionless groove 
depth and the pitch-to-groove ratio, it will not be con- 
sidered as a parameter for the remainder of this work. 

Pewmpeadditional geometric characteristic that has been 


employed by several researchers, is the helix angle, a. The 
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FIGURE 8 Illustration of cross-section of a Korodense 


spirally corrugated tube,showing geometric 
characteristics. From (22 
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helix angle is defined as the angle formed by the line of 
the longitudinal axis and a line drawn tangent to the groove 
Meo). The helix angle is calculated by equation (1) in 
which N represents the number of individual groove (rib) 


Searcs in the enhanced tube. 





As seen in equation (1), the helix angle for a tube may 
be varied by changing the number of groove (rib) starts 
while maintaining the groove pitch constant. 

For the particular case of transverse ribs, the helix 
angle is fixed at 90 degrees. The pitch is then defined as 
the longitudinal distance between successive ribs as shown 
moePigure 2. 

For purposes of consistency and correlation, a family 
of tubes is defined as a set of enhanced tubes in which 2 of 
the 3 geometric parameters (e/D,,p/e,c) are held constant 
while the remaining parameter is varied. Figures 9 and 10 
illustrate the range of parameters encountered in the litera- 
ture cited in this work, from which families of tubes can 


be assembled for analysis. 


Meee GOALS OF THIS WORK 
As seen in Figures 1 through 10, there has been a wide 
variety of enhanced heat transfer tubes investigated. The 


Various studies have been conducted not only with a variety 
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Of working fluids, but also with many different configurations 
and operating conditions. What remains to be accomplished is 
to analyze the existing data for flow resistance and heat 
transfer in order to establish a common denominator, or set 
of parameters, that will allow comparison of several differ- 
ent tube geometries by the same standards. 

This analysis should provide empirical relations, either 
new or previously published, with which a designer may accu- 
meeely predict tube-side friction factor and heat transfer 
coefficient for a family of tubes without the necessity of 
experimentation. 

The purpose of this thesis then was to: 

1) compile and present data from several authors on the 
tube-side flow resistance and heat transfer performance of 
several types of enhanced heat transfer tubing, and 

2) determine reliable and consistent relations for the 
designer to accurately predict tube-side friction factor 


and heat transfer coefficient for specified tube geometries. 
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ive hOrenON rAGCTOR 


A. GENERAL 

Nikuradse [17] in his investigation of sand-grain rough- 
ness developed a relation based on the law of the wall 
Similarity for friction factor as a function of the relative 
roughness, K/R where R is the tube radius and kK. 1s the 
representative height of the roughness element: 


Po 12 ‘se (Vaan yee Meg 2a (2) 


Moemjacion 2 is the relation that is valid for the com- 
pletely rcugh regime, where the roughness Reynolds number 
(e* = (e/D,) Rev£/2), 1s greater than 70. In the transition 
region (5 < e < 70) Schlichting [18] developed equation (3) 


also using a law of the wall similarity analysis: 
B(e’) = 2 E72 - 2.5 Ln(R/k_) + 3.75 (3) 


Nikuradse's [17] experiments show that for the completely 
rough regime, (e* Ole B(e’) attains a constant value of 
8.48. When equation (2) is substituted into equation (3), 
mers CLOund that Ble’) equals §.67. The close agreement 
between the experimental data and equation (3) indicates that 
a relation of the form of equation (3) may be applicable 
throughout the range of roughness types encountered, if 


+ 
sufficient data are available to determine Ble). 
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Dipprey and Sabersky [19] also conducted experiments 
on roughened tubes in which the roughness elements were of 
a Close-packed granular type. The results of their experi- 
fees CONfirm the validity and applicability of the law of 
the wall similarity analysis for determining friction factor 


as a function of the roughness of the tube. 


PENCE RNALLY RIBBED TUBES 
1. Empirical Relations 
Webb, et al [4] conducted experiments on 5 tubes 
enhanced by the addition of internal ribs placed transverse 
to the longitudinal axis of the tube (see Figure 2). For 
this type of tube the helix angle is fixed at 90 degrees. 
Table I shows the range of geometric characteristics for the 


tubes studied. 


TABLE I 


Webb, et al [4] Tubes 


Tube e/D, p/e 6x 107 Opes) 
a7 10 OFS (ok 10 AN, HO 
02/10 0.02 0 20 20 
04/10 0.04 We 40 90 
02/20 0.02 20 20 90 
02/40 O02 40 20 90 


Following a law of the wall similarity analysis 


Similar to that of Dipprey and Sabersky [19] Webb, et al 


ee 





14} developed an empirical relation for friction factor as 
a function of the dimensioniess rib height and the pitch-to- 
groove ratio, for the fully rough region, e” > 35: 


V27E = 2.5 Ln(D,/2e) - 3.75 + } OS repay UO (4) 


Comparison of equation (4) to equation (3) shows that 
B(e’) for the repeated-rib type tube is determined to be 


MS(p/e)°°>>. 


It is noted in equation (4) that the helix 
angle is not a correlating parameter. The functional depen- 
dence on helix angle could not be determined by Webb, et al 
[4] since all the tubes studied had helix angles of 90 degrees. 
Equation (4) was derived from data on tubes with a dimension- 
maoomrio height from 0.01 to 0.04, and a pitch-to-groove 
melo from 10 to 40. 

Gee and Webb [3] from their experiments with 3 
internally, spirally ribbed tubes of the type shown in Figure 
1 also arrived at an empirical relation similar in form to 
equation (3). Equation (5) is the relation recommended by 
Gee and Webb [3] for friction factor as a function of the 
dimensionless rib height and helix angle (for 5 < lees 


B(e*,a) = [v2/E + 2.5 Ln(2e/D,) + Sails (4/50) oo ee 


Figure 11 from [3] shows graphically the correlation 


BOL Bie ,a). Uemagmementmaction factor data of [3], a 
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Specific relation for Ben se) can be formulated by linear 


regression analysis: 


Bile 75.0. 029 .e. ) US 


As seen in Figure ll, an average value of 8.26 for 
B(e’,a) is also appropriate, which is in very close agreement 
with the value of 8.48 recommended by Nikuradse [17] for the 
fully rough region. Note in equation (5) that the pitch- 
to-groove ratio is not a correlating parameter. The tubes 
Studied by Gee and Webb [3] were of constant pitch-to-groove 
mero, prohibiting the determination of a functional relation 


to the pitch-to-groove ratio (see Table II). 


TABLE II 


Gee and Webb [3] Tubes 


Tube e/D. p/e 6x 10° One) 
1 0.01 15 6.67 70 
2 0.01 is: 6.67 49 
S O01 15 6.6/7 30 


Carnavos {2] from his studies of internally, spirally 
ribbed tubes also of the type shown in Figure 1 recommends 
equation (7) as an empirical relation for friction factor 


as a function of the tube geometric characteristics: 
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0 ns 


EEN FG fhe (Afa/atn) > (sec a)°° 


J (7) 
where Afa is defined as the actual free flow area of the 
ribbed tube and Afn is defined as the nominal free flow 
area, based on the tube diameter as if the ribs were not 
present. Equation (7) 1s reported as valid in the Reynolds 
number range of 10,000 to 100,000. The range of values for 
the geometric characteristics for the Carnavos [2] tubes is 


shown in Table III. 


TABLE III 


Carnavos [2] Tubes 


Tube e/D. p/e 9 x 107 Cr ) 
lle O21 53 3253 47 6.00 
20 0.141 Se, 44.2 ORS, 
rag OG ISD 8 Gia 2 8 
22 Orme O'0 Geel 3) ieee 
24 0.084 6.42 SSO aS, ZO 0 
30 0.045 ed DEPS =, LG 
32 0.042 4.05 IOS) eee S00 
34 0.034 A 6 71.4 Dee 


Withers [13] investigated several Turbo-chil tubes 
as shown in Figure 6.b. These tubes are basically internally 


ribbed tubes with the addition of external fins to provide 


ee 





double augmentation. Note however that the ribs of the 
Turbo-chil tubes are semi-circular in appearance rather than 
rectangular as the type of tube shown in Figure l. From his 
studies with the Turbo-chil tube, Withers [13] recommended 
Semerron (8) aS an empirical relation for friction factor 


as a function of the tube geometry: 
eee oe ni 7/Re) | (8) 


The operands r and m in equation (8) are related to 
the rib height, e, and the lead of the internal rib, 2%. The 
lead, 2%, is defined as the axial distance for one 360 degree 
mien Of the rib. (For single start tubes, the lead, 2, is 
the pitch, p.) Figure 12 shows the operands r and m versus 
the ratio e/2% for the cases of p/D, < 0.36 and p/D, > 05316 
mS). 

Equation (8) is reported as valid in the Reynolds 
number range of 10,000 to 120,000. The helix angle range 
covered by the studies of Withers [13] was from 37 degrees 
to 62 degrees. The complete range of values for the geometric 
characteristics of these tubes is shown in Table IV. 

Ze Determination of the Effect of the Relevant Parameters 

Of the data studied so far for internally, spirally 
ribbed tubes and repeated-rib roughened tubes, only the data 
of Gee and Webb [3] provide data on a family of tubes with 


Gonstant dimensionless rib height and constant pitch-to-groove 


G2 
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Withers [13] Tubes 
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ratio. Their experiments were conducted on 3 tubes with a 
constant dimensionless rib height of 0.01 and a constant 
pitehn-to-groove ratao of 15 (see Table II). The 3 different 
helix angles of the tubes (30, 49 and 70 degrees) were a 
result of varying the number of individual rib starts (see 
equataon (1)). Figure 13 shows the Fanning friction factor 
data of Gee and Webb [3] plotted as a function of helix angle 
(see also Table V). The friction factors shown are for an 
arbitrary Reynolds number of 40,000 which is a reasonable value 
for naval condensers. Figure 13 clearly shows a direct rela- 
tion between friction factor and helix angle for the family of 


tubes studied by Gee and Webb [3]. Also shown on Figure 13 is 


PAB ICE. V 


HPealeGrlemesactors ana Stanton Number for 
Gee and Webb [3]! Tubes at Re = 40K 


Tube Ref # e/D, p/e a 42) f£ Sie 
i 3 Cruel: less 10 CS UdLe 0.6042 
2 3 Cel 13) 49 0.0091 0.0040 
= 2 O01 15 30 GOSUGs7Zs O7008s 


Sieeranning friction factor for a smooth tube at the same 
Reynolds number. As helix angle increases, the friction 
factor increases, most probably due to the increased turbu- 
lence resulting from the rib becoming more aligned to the 


transverse direction (perpendicular to the flow). 
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Figure 14 plots friction factor data from Webb, et 
al [4] at an arbitrary Reynolds number of 40,000 as a function 
of the pitch-to-groove ratio for constant dimensionless rib 
height of 0.02 and a constant helix angle of 90 degrees. 
Figure 14 shows that as p/fe increases, the friction factor 
decreases. The decrease in friction factor may be attributed 
to the increased distance between the ribs which allows the 
mora tO remain in contact with the smooth portion of the 
tube for a longer time before the rib introduces turbulence. 

Seeecomparison Of Empirical Relations to Existing Data 

Equation (4) from Webb, et al [4] was used to calcu- 
late friction factors for the tubes studied by Gee and Webb 
[3], at a Reynolds number of 40,000. For a constant pitch- 
to-groove ratio of 15 and a constant dimensionless rib height 
Seo. Ol, equation (4) predicts a constant friction factor of 
feed for all the tubes. This friction factor 1s in obvious 
conflict with the experimental data (see Table V). The 
menmstant friction factor is also contrary to the friction 
factor trend shown in Figure 13. 

Equation (5) from Gee and Webb [3] was then used to 
calculate friction factors for the tubes of Webb, et al [4]. 
Mem a constant dimensionless rib height of 0.02, and a con- 
stant helix angle of 90 degrees, equation (5) predicts a 
Mti@seame friction factor of 0.0143. This friction factor is 
contrary to the experimental data of Webb, et al [4] and 


contrary to the friction factor trend shown in Figure 14. 
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A comparison of the experimental data of Carnavos [2] 
to the predicted friction factors of equations (4) and (5) 
showed larce disagreement (as large as a factor of 4) but did 
not produce any further information. Equation (7) from 
Carnavos [2] could not be used in a comparison of data from 
Webb, et al [4] since the helix angle of 90 degrees for the 
repeated-rib rougnened tubes will produce a zero friction 
factor due to the helix angle term in equation (7). The 
data of Gee and Webb [3] were however compared to the fric- 
tion factors predicted by equation (7). The areas Afa and 
Afn for the internally, spirally ribbed tubes were calculated 
and used in equation (7) to calculate friction factors of 
0.0049, 0.0040, and 0.0024 for the 30 degree, 49 degree, and 
70 degree tubes respectively. These predicted values of 
friction factor are in wide contrast to the trend shown in 
magure 13. 

Equation (8) could not be used for a comparison with 
the data of Gee and Webb [3], Webb, et al [4] and Carnavos 
[2] due to the inability to determine or calculate with any 
reliability the operands r and m for the various tubes. 

4. Summary 

The law of the wall similarity analysis technique for 
determining friction factor as a function of the geometric 
characteristics of an enhanced tube is a widely recognized 
and potentially powerful method for the assessment of flow 
Mesistance of internally, spirally ribbed tubes and repeated- 


rib tubes. The reader is cautioned, however, that the 
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Pieeysis MUuSt account not only for the effect of the rough- 
ness Reynolds number, but also for the effects of the helix 
angle and the pitch-to-groove ratio. 

Eauattoms 64), (5), and (7) do not sufficiently 
accommodate variations in the geometric parameters to permit 
their application to geometries other than those tubes for 
which the relations were derived. Insufficient data for 
several families of tubes also precludes a thorough investi- 
gation of the effects of each of the relevant parameters 
(dimensionless rib height, pitch-to-groove ratio, and helix 
angle) and the valid application of the law of the wall 
Similarity analysis. 

Equation (8) does not provide a universally applicable 
relation unless the operands r and m are known for a particu- 
lar tube, or a method is established to calculate r and m from 


geometric characteristics for a specified tube geometry. 


mee SEPLRALLY CORRUGATED TUBES 
ie empirical Relations 
Mehta and Rao [6] in their investigation of 11 single- 
start spirally corrugated tubes of the type shown in Figure 3, 
recommend equation (9) as an empirical relation for the fric- 
tion factor as a function of the Reynolds number and a 


dimensionless geometric parameter, 4: 


929 {(0.25e 97°") 


f = 0.079e ~“’/R (9) 
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Equation (9) represents the Blasius relation for 
friction factor modified by the dimensionless parameter, 9 


a 


the severity factor, which is defined below: 
2 
ge See /pD; (TO) 


Equation (9) is reported as valid in the Reynolds 
number range of 10,000 to 80,000 and for a range of severity 
mietOor from 0 to 200 2 Om. The range of values of the helix 


angle, severity factor, and other geometric characteristics 


for the tubes studied by Mehta and Rao [6] are tabulated in 


Table VII. 
TABLE VI 
Friction Factor and Stanton Number for 
Webb, et al [4] Tubes at Re = 40K 
Tube Ref # e/D, p/fe Gee) £ Sie 
7 10 4 io) (ub 10 90 GeO 7234e O02 002e2 
02/10 4 O202 10 90 O20354 0 200.29 
04/10 4 0.04 iL 90 0.0598 0.00304 
O27 20 4 O02 20 90 Gm025 600255 
2740 4 Or OZ 40 90 CeO PGs 0.00213 


Gupta and Rao [7] from their experiments with le 
single-start tubes also recommend an empirical relation based 


on the severity factor: 
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TABLE VII 


Mehta and Rao [6] Tubes 


4 


Tube e/D, p/e @ x 10 chee a 
2 0.0082 48.85 1.74 e220 
5 Oro iy 34.14 8343 S257 6 
4 OUaheo Zon 6.43 S 2p 3 
> 0.0204 oO o4 10.48 Sie 7 
6 0.0248 16.04 IES eaS Sons 
7 OL (Cl SSE Oz 3930 Sore 
8 OR UiGZ9 Gress oo 32-716 
2 0.0886 eyo) JESS aS O25 76 

10 0.0496 nes eae 2: 3d 76.0 
ie 0.0124 L6206 752 S6.57 
12 0.0694 WSs 7 20.6 16.0 
f = ie 9s (0252 (11) 


Equation (11) is reported as valid in the Reynolds 
Member range of 10,000 to 60,000 and over a severity factor 
range of 0 to Geeon: - The complete range of values for 
the helix angle, severity factor, and other geometric charac~- 
teristics for the tubes studied by Gupta and Rao [7] are 
tabulated in Table VIII. 

The spirally corrugated tubes studied by Mehta and 


Rao [6] and Gupta and Rao [7] were all of the type shown in 
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TABLES Vil 


Gupta and Rao [7] Tubes 





Tube e/D; p/e 9x 10° oie) 
2 Oe Oh 5070 on The oie 
5 oS) SO ZOO hit S21 
4 Oo) 163 50,0 LOG, 74.0 
D 0.04 20-50 13.4 Goel 
6 0.03 Zire 50 Toe 
7 Os.0 2 10.0 IO 0, 86.4 
8 Om03 Iboe8 50.0 84.6 
2 D056 ae 39a eee 

10 0.046 6.4 TAERES 84.6 
ili. Om 056 one JENS Bo) 84.6 
eZ O20 56 be 0 eS 0 84.9 
ES Or0 61 4.6 lle stro 84.9 


Figure 3. The range of values for the dimensionless groove 
depth, pitch-to-groove ratio, helix angle and severity factor 
are on the same order for the two sets of tubes (see Tables 
VII and VIII). The only difference in the tubes was the tube 
diameter. The tubes of Mehta and Rao [6] had diameters on 
the order of 16mm, while the tubes of Gupta and Rao [7] had 
diameters on the order of 25mm. The groove depths of the 

two sets of tubes however resulted in the similarity of 


values for the dimensionless parameters. 
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Withers [12] in his investigation of several single- 
start Korodense tubes (Figure 6.a) recommends equation (12) 
femme empirical relation for the friction factor as a 


function of the tube geometry: 


J27£ = 2.46 ln[{r + (7/Re)™] Gia) 


The operands r and m are related to the dimensionless 
groove depth and were experimentally determined for each tube 
studied. Figure 15 is reproduced from [12] and shows the 
operands r and m versus the dimensionless groove depth for 
Single-start tubes. The range of values for helix angle, 
severity factor, and the other geometric characteristics 
are shown in Table IX. Equation (12) is reported as valid 
in the Reynolds number range of Re > 10,000. 

feet al (16] from their investigation of 20 single- 
start and multiple-start tubes, recommend equaticn (13) as 
Saeempirical relation that explicitly relates friction factor 
to the helix angle, dimensionless groove depth, pitch-to- 


groove ratio, and Reynolds number: 


Ds 
a= )6|C _1t) _ 
fe7e = 3.42 1n (s¢) 4.64 
+ MEIC. Ge) ta) 
al 90 
(ln Re - 9 Be 
x @xXp SERRE CTT Cre) 
+1000 (p/fe) ~~ 
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Figure |5 Operands for friction factor equation as a 
function of geometric aspect ratio e/d;. 
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Equation (13) is reported as valid for the Reynolds 
number range of 10,000 to 80,000. The range of values for 
helix angle, severity factor, and the other geometric charac- 
teristics for the single-start and multiple-start tubes are 


shown in Table X. (The multiple-start tubes are indicated 


my *). 
TABS” 1X 
Withers [{12] Tubes 

Tube e/D. p/e Q 0, oe ae, 
1100 O01 1 14.7 PAs Siler? 
5 Om0522 LY ates USES, T3358 

J Oe0236 1eOe25 12S hles ele 

2 OB0236 ie ee LZ eke sits 7 

20 Ue 0263 ite ONS ee oid Lee 
Bs 0.0473 L2e Sie ee, 19 
2300 O01 59 24. oe Be 30 
2100 O Ou Ss err 8.47 84.6 
a O03 31; ee Dl oul Brey 

6 OR0879 slags See 82.4 

14 0.0431 lazting 30.34 12) 

9 OR029.e sah, 2 Grea 83.8 

is} OO 39 9 ae BOs C2 al 


Cunningham and Milne [11] investigated 2 multiple- 


start tubes also of the type shown in Figure 3 to determine 
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the effect of helix angle on the friction factor and heat 
transfer coefficient of spirally corrugated tubes. As seen 
in Table XI the tubes studied had a constant dimensionless 
groove depth of 0.018 and a constant pitch-to-groove ratio 
Of 32. The 6-start tube had a helix angle of 46 degrees, 
and the 2-start tube had a helix angle of 72 degrees (see 
equation (1)). No specific relation was recommended, however 
Memeeeriction factor as a function of helix angle. 

2. Determination of the Effects of the Relevant Parameters 

Tables XII, XIII, and XIV represent data from Mehta 
and Rao [6], Gupta and Rao [7], Cunningham and Milne {1l], 
Withers [12,13], and Li, et al [16] arranged such that data 
for a family of tubes is presented in one tabulation. 

Figures 16 through 20 are plots representing the 
meaemlar Gata of Tables XII, XIII, and XIV. Figures 16, li7, 
memo show friction factor as a function of helix angle and 
pitch-to-groove ratio for dimensionless groove depths of 
0.02, 0.03, and 0.04 respectively. Two trends are evident 
in Figures 16, 17, and 18. Friction factor increases with 
increasing helix angle for constant pitch-to-groove ratio, and 
feretion factor decreases with increasing pitch-to-groove 
ratio for constant dimensionless groove depth. Figures 19 
ema 20 Show friction factor as a function of helix angle and 
dimensionless groove depth for pitch-to-groove ratios of 10 
and 20 respectively. Two trends are also evident in Figures 


19 and 20. Friction factor increases with increasing helix 
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Li, et al [16] Tubes 
Tube e/D, ae poe Loe 
i 0.019 Coeee 65S 
2 0.0433 N25 GES, 83206 
S G05 33 10.44 Sy Oats) 3 
4 Or 026 Ze 25 ILA Ass 
5 02025 Boi G6 
6 0.026 Iie 3 Ie Re eS 
] D207 | de Ore MG 2 
8 Ce as Zora So 
9 0.024 NS eR or les era 
10 O02 5 I 8\ 5 Pate 8.74 
kak 0.041 116) Me Sa 249 
2 (2) 0.042 IO eis 39.14 
ime ( 3) 0.048 Oo, aoe 72 
14*(4) 0.045 Or 2S aoa 3 
ie - (4) oe O56 1 Syecl 
16 O50 7. ey sed Saris 
Ly O07 RS, 88.62 
lhes 2055 B33 poe 
19 G01 LeZeee 9.16 
Z0 00S 7.09 49.76 


TABLE X 


610: 
So. 
80. 
80. 
ie 
Sie 
Sick. 
ls. 
82. 
ie 
Sir. 
oe 
66. 
Bee 
ae 
6. 
CH Ore 
Bilis 
O72 


84. 


* 
ivarcaces multi-start tubes 


Number of starts in parentheses 
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TABLE XI 


Cunningham and Milne [11] Tubes 


4 


Tube e/D; p/e a Ie ees) 
6-start 0 Ors B20 5.6 46 
2-start 0.018 oe a0) S48 ye 


TAB EE XEt 


Friction Factors and Stanton Numbers 
for Families of Tubes with Dimensionless 
Groove Depths = 0.02, at Re = 40K 


Tube Ref # e/D; p/e Chee) ig oe 
21 is OO 20 43 0.0088 0.00164 
5 6 O5.02 20 Se 020095 70. 00165 
é i OO 20 8 3 ORO Om 0 00165 
2100 eZ 0.02 20 e} 2) Oe Ones 6.00164 
i eZ OmeZ 20 82 OO ideo 0 OLS5 
2 eZ O02 20 82 O00 5 7 0..00149 
6-start a 6) 0) 30 46 O20066 0.0012 
2-start eli Orra.2 30 UZ On GOsisam 0 0016 
I Ig 002 30 80 200930. 00lS7 
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TABLE XIII 


Friction Factors and Stanton Numbers 
for Families of Tubes with Dimensionless 
Groove Depths = 0.03, at Re = 40K 





Tube Ref # e/D, p/e Ca”, f Sie 
40 ils O02 110, 46 0.0105 0.00193 
9 eZ O03 Ie 84 Ono 7 0.00164 
27 i 03 20 38 H20032 “0. G016 
Ee Je) 0203 20 43 O20039 ° 0.001 7 
6 i 0203 20 he Ge009Ss5 0.0018 
TABLE XIV 


Friction Factors and Stanton Numbers 
for Families of Tubes with Dimensionless 
Groove Depth = 0.04, at Re = 40K 


Tube Ref # e/D; p/e eu ) i St 
41 is 0.04 5 47 01144 0.00214 
43 ins 0.04 5 5S) mOtSs 0.,0024¢e 
42 is 0.04 =) 62 (OUI says SRG Ch, 719: 
46 Jie. 0.04 3 62 207 0.00262 
S; rs 0.04 i ¢ 43 One 0201020 
44 13 0.04 Jat) BS rOra5 0.00227 
2 16 0.04 10 74 wO2 5 O2O0ZE 
6 LZ 0.04 Je 82 51a) as 0.00146 
leak 56 0.04 1G 82 Oz? 020023 
20 16 0.04 10 85 Ribs 00025 
Zo 13 0.04 20 38 MOOS owe OlOO1G7 
19 6 0.04 Zo 76 Odea N/A 
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engle for constant pitch-to-groove ratio and constant 
dimensionless groove depth, and friction factor increases 
with increasing dimensionless groove depth for a constant 
pitch-to-groove ratio. The trends noted above are in 
agreement with the trends for internally, spirally ribbed 
tubes shown in Figures 13 and 14. 

The conclusion to be drawn from Figures 16 through 20 
1s that any general relation for friction factor as a function 
of the geometric characteristics of spirally corrugated en- 
hanced tubes also should explicitly relate friction factor 
wiecerms of the dimensionless groove depth, pitch-to-groove 
ratio, and helix angle, as was demonstrated for internally, 
Spirally ribbed tubes. 

3. Comparison of Empirical Relations to Existing Data 

Baweatiens (9), (ll), and (13) from Section I1I.C.1 
above were examined to determine the applicability of each 
to a wide variety of tube geometries not specifically studied 
by the particular author(s). 

Equation (12) from Withers [12] could not be used 
for comparison purposes, however due to the previously stated 
limitation of not being able to calculate or determine the 
Operands r and m for the tubes of the other authors. 

Equations (9) and (11) are presented graphically in 
Figure 21 (at an arbitrary Reynolds number of 40,000) with 
friction factor data taken from Mehta and Rao [6] and Gupta 


and Rao [7] shown as data points. As seen in Figure 2l, the 
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data points showing the experimentally obtained friction 
factors correlate well with the empirical relations for 
severity factors up to AO Meee BOG eseVerinmy factors in 


a 5 A x 1 the Mehta and Rao [6] 


Mme range of 20x10 
data deviate from the predicted value by approximately 203, 
though the Gupta and Rao [7] data show good agreement. 

For severity factors in the vicinity of MOOR ON ce good 
agreement is seen between the experimental data and the 
predicted values. For large values of severity factor 

(9 > 100 x 107°) a wide variance is however noted. It should 
be noted that the values of severity factor greater than 

Foe. 10° correspond to enhanced tubes with dimensionless 
Groove depths larger than 0.05 and/or pitch-to-groove ratios 
less than 10. 

Figure 22 is another graphical representation of 
equations (9) and (11), with data points taken from Cunningham 
and Milne [1l] shown for comparison. As seen in Table XI 
the tubes studied by Cunningham and Milne [11] have the same 
dimensionless groove depths and the same pitch-to-groove 
ratios. As shown by equation (10) constant geometric charac- 
teristics will result in a constant value of severity factor. 
meeguire 22 shows different values for friction factor at a 
constant value of severity factor, contrary to the predictions 
Semeither equation (9) or equation (11). This difference in 
Meretion factor is attributed to the 2 different helix angles 


of the tubes. (The helix angle is a function of the number 


of individual groove starts as shown in equation (1).) 
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Figure 23 shows data points representing friction 
factors for single-start tubes taken from Withers [12], 
compared to the predictions of equations (9) and (11). 
Although only a narrow range of severity factors is encoun- 
tered in the Withers [12] data, there is very little agree- 
ment between the experimentally obtained friction factors 
m@emene predictions of equations (9) and (11). Equations 
Seeeana (il) underpredict friction factor by as much as 353 
even at moderate values of severity factor. 

Figure 24 is a graphic comparison of the multiple- 
Meee cube data from Withers [13] to equations (9) and (11). 
As in previous comparisons, there is not a definitive corre- 
lation between the observed and predicted values for friction 
M@ietor. This lack of correlation of the multiple-start tubes 
data to equations (9) and (ll) should be expected however, 
Since the tubes studied by Mehta and Rao [6] and Gupta and 
Rao [7] were all single-start tubes and equations (9) and 
(11) are recommended for single-start tubes. 

Figure 25 compares data points from Li, et al [16] 
for single-start tubes to the friction factors predicted by 
eemgactions (9) and (11). Figure 26 is a like comparison for 
the multiple-start tubes of Li, et al [16]. As seen in 
previous comparisons, equations (9) and (11) do not accurately 
predict friction factors at moderate to large values of 
severity factor. In all cases, the values of severity factor 


greater than SOP 100 correspond to dimensionless groove 
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@epens greater than 0.05 and/or pitch-to-groove ratios less 
Emre LO. 

Equation (13) was also examined as a possible 
applicable relation for friction factor as a function of the 
relevant geometric parameters of the spirally corrugated 
tubes. Figures 27 through 30 are point-by-point comparisons 
of experimentally obtained friction factors for single-start 
tubes with the predictions of equation (13). The data of 
Li, et al [16] (Figure 27) show very good agreement, except 
for those points representing tubes with dimensionless groove 
M@epens greater than 0.05 and/or pitch-to-groove ratios less 
than 10. The variation between the observed and predicted 
values in Figures 28 through 30 also represent data for the 
large dimensionless groove depths and/or low pitch-to-groove 
Patios. 

4, Summary 

The law of the wall similarity analysis technique 
must be applied to spirally corrugated tubes with the same 
Cautions applicable to internally, spirally ribbed tubes: 
i.e., the analysis must account for the effects of the helix 
angle, dimensionless groove depth, and pitch-to-groove ratio. 

Equations (9) and (ll) are useful in a narrow range 
Mmupceverity Factor, but do not explicitly account for the 
relevant parameter effects as in a thorough law of the wall 
Similarity analysis. The severity factor does not explicitly 


relate friction factor to the helix angle. The narrow range 
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Semapplicability of equations (9) and (li) limits their use 
as predictive equations for a wide variety of enhanced tubes. 

As noted earlier, equation (12) though of a form 
Similar to that expected from a similarity analysis, is 
limited in applicability due to the limitation of determining 
the operands r and m, without the benefit of a specific 
function relating the operands to the geometric characteris- 
tics of the tube. 

Pouation (13) does explicitly relate the friction 
factor to the relevant geometric parameters (dimensionless 
groove depth, pitch-to-groove ratio, helix angle). This 


equation is presented in modified form below: 


ye Hana? ine =) 4 4.64 
D. 
a _ (2) +.14 
Ora) / OS (ln Rs = 9 GANG ae 
i 25 (e/D, ) (p/e) 2252) |e en CT 
1000 (p/fe) ~~ 

Eee) 
Examination of equation (13) above shows that it 


will predict a decrease in friction factor for an increase 
in helix angle, for a constant dimensionless groove depth 
and constant pitch-to-groove ratio, at a constant Reynolds 
Number. This predicted trend is contrary to the trend 
observed in the previous data (see Figures 16 through 20). 
This contrary trend suggests that the exponent of (a/90) 


should be negative (as in equation (5)). 
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Figure 31 plots the natural logarithm of the left 
side of equation (13) as the ordinate with the natural 
logarithm of (a/90) as the abscissa, for single-start tubes 
encountered in this work. The solid line of slope +1.14 
represents the exponent of (a/90) in equation (13). The 
scatter of data for the Li, et al [16] tubes and the limited 
range of abscissa values used to predict the slope of the 
exponent would indicate that the sign and magnitude of the 
(a/90) exponent could be open to adjustment. The additional 
data points in Figure 31 from Mehta and Rao [6], Gupta and 
Rao [7], and Withers [12] further illustrate that the sign 
and magnitude of the exponent could be adjusted. The wide 
scatter of data also indicate that possibly the factors 
accounting for the effects of the dimensionless groove depth 
and pitch-to-groove ratio could be altered to bring the data 
to a closer grouping. 

mgeie 22 1S a plot Similar to Figure 31, but for 
@a@e multiple-start tube data of Li, et al [16], Cunningham 
ema Milne [11] and Withers [13]. As in Figure 31 the solid 
line represents the +1.14 slope in equation (15). Figure 32 
Bows that equation (13) will not predict friction factors 
for multiple-start tubes in its present form. 

Paauecmcoet lL iMcGerates tne friction factor data for 
all the spirally corrugated tubes (single-start and multiple- 
Meeec). The solid line of slope -0.6 is a graphic estimate 


Sethe best fit slope for the data of Figure 33. 
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Until more complete analysis of this data can be 
accomplished, equation (14) is proposed as the empirical 
Boreoetomecror friction factor as a function of the tube 
geometric parameters for single-start and multiple-start 


spirally corrugated tubes: 


D 
soz ae Dy OSS) EN e005 7 
(27E = 3.42 In(sz) - 4.64 + 1.25(8) (5) 
Gea = 0 26 (In Re - 9 OG 
x (aq) ' €Xp a a a (14) 
LOOO0 Gey7e) gi 


The experimental data of Mehta and Rao [6], Gupta 
and Rao [7}, Cunningham and Milne [ll], Withers [12,13] and 
Li, et al {16] were compared to the predictions of equation 
Meye For 56 of the 63 tubes, equation (14) predicted the 
Memeelon factor within 30%. The 63 tubes used for the con- 
parison had dimensionless groove depths less than 0.05 and 
pitch-to-groove ratios greater than 10. 

The reader will note that the multiple-start tubes 
of Withers [13] were considered in the section for internally 
ribbed tubes as well as this section for spirally corrugated 
Beoes. The semi-circular profile of the ribs in the Turbo- 
chil tubes are considered similar in shape and characteris- 
tics to the spiral corrugated groove, thus allowing their 
Meuay in both sections. The good correlation with the pre- 
@ietions of equation (14) substantiate the geometric similarity. 
(13 of the 14 Withers [13] multiple-start tubes correlated 


with equation (14) within 30%.) 
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Moin enor ek, COBPFICIENT 


A. GENERAL 
im Analytical Basis 
As will be shown, there are several empirical rela- 
muons tor heat transfer coefficient as a function of friction 
[mieerOL. For the purposes of the analysis of this chapter, 
examination of these several functions will be conducted on 
the premise that the friction factor used in any empirical 
relation has been accurately determined by either experimental 
means or by analytical methods. This premise will allow the 
various relations to be compared on a standard basis. 
Ze Background Analysis 
The Reynolds analogy is a widely Known and well- 
Beelacized relation for the heat transfer coefficient (Stanton 
im@mieer) as a function of the friction factor for flow inside 


smooth tubes [20]: 


Nu 
Re Pr 





Nho| Hh 


(Sy) 


The Reynolds analogy, however, is only applicable for cases 
an which the Prandtl number is unity and the velocity profile 
and temperature profiles are the same. 

A logical extension to the Reynolds analogy was pro- 
posed by Prandtl [21] by including the velocity distribution 
in the laminar sublayer. The Prandtl analogy is presented 


maecguation (16): 
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1 + 5Vf/2 (Pr = 1) 


A more accurate relation was developed by Martinelli 
[22] who further suggested that the analogy between heat 


and momentum transfer might also apply to rough tubes: 


H ay ve i 
(—=) (<" -*) VF72 





m ae Tt) 
St = (ola) 
En En — 
ie er tnt + 5 <=] pr) 40.5 F Ines /#72) } 
€ € IL 0 
m m 
For Pr near unity and Re = 40K [22], the correction factors 


E/E Fy, and e/a may be considered to be unity for 
the purposes of this work. 

Dipprey and Sabersky [19], applying a heat transfer 
Similarity analysis, similar in concept to the law of the 
eeeee analysis for friction factor, proposed a relationship 


that should be applicable to all types of roughtness: 


St = 4A rS)) 
1 + Vf/2{A(e ) + gle ,Pr)] 
The functions eee) and g(e",Pr) must be established 
for a specified given family of tubes with similar geometric 


mmaracteristics. 


Bee ILNTERNALLY RIBBED TUBES 


Poecomotoical, Relations 


Webb et al [4], using a heat transfer similarity 


analysis in their investigation of repeated-rib roughened 


uy 





tubes, with the helix angle fixed at 90 degrees, recommend 
equation (19) as an empirical relation for the heat trans- 
Pemmcoecrricient as a function of the friction factor, Prandtl 
humber, pitch-to-groove ratio, and roughness Reynolds number: 
F 
(19) 


1 + Vesenyco cpr ° - 16015 Gaye) ae 


It 1S noted in equation (19) that the bracketed term 
in the denominator is the formulation for the corresponding 


term in equation (18) where A(e‘) = -0.95(p/e)2°??, while 


g(e’, Pr) = 1) Bie) UOC ree Oe 


Equation (19) is reported as 
valid for a Prandtl number range between 0.71 and 37.6. The 
reader is cautioned, however, that equation (19) is only 
reported as being valid for the fully rough region (e” Poo.) 4 
as was the case for equation (4) for the friction factor. 

Gee and Webb [3] also proposed an empirical relation 
Samalar in form to equation (18) for internally, spirally 
ribbed tubes. The recommended relation includes not only 
the roughness Reynolds number and Prandtl number dependence, 


but also tne effect of helix angle on the heat transfer 


Bocrtficient: 


Lf 20) 


a | 5 o 
lt / 2 |g(eu,Fr,a)ita/50)7- Ble ,a) | 


where: 
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feats £or to < 50°, 
J] = Creo fen cd > 50°, and 
B(e’,a) 1s as defined in equation (6). 


Equaticn (20) was derived as a result of studies con- 
emerea Or the flow of air, Pr = 0.71. The function g(e',Pr,a) 
is shown in Figure 34 using the exrerimental data from [3]. 
Upon examination of the data in Figure 34, it is easy to see 
Mate a Value of 8.088 is valid for the function g(e’,Pr,a) 

ROL e” < 8. Fore’ > 8, a linear regression analysis produced 


the following relation (for Pr = 0.71): 


mete =] 7.71 + 0-11(e") el 
peeseleuelon On equation (21) anto equation (20), with 
B(e’,a) assumed to be 8.26 (aS previously determined), leads 


mewegquation (22): 


EE (22) 
for P77 7k + 0. 1il(e })}(a/50)2 = 8.26] 


Carnavos [2] proposed an empirical relation for the 
heat transfer coefficient as a function of the ceometric 


characteristics of the enhanced tube and the helix angle: 


0.023 (Afa/agn) 9** (an/aa)"*? (sec a) ~ (23) 
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eGURe 24 “C@~relation of heat transfer data using 
Dipprey and Sabersky's _{1°] heat transfer 
Similarity law. From 
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where An represents the nominal heat transfer area as if 
the ribs were not present, and Aa is the actual heat transfer 
area of the ribbed tube and Afa and Afn are as previously 
defined. Equation (23) was derived from experiments with 
Seema tluids in the Prandtl number range of 0.7 < Pr < 30. 
Withers [{13] proposed an empirical relation for the 
Meaee transfer coefficient as a function of the pitch-to-groove 
ratio, roughness Reynolds number, dimensionless rib height, 


emo Prandtl number: 


Vey 2 


Omeliee. 05 0). 1 36 
Pr e ) 


[5.68 (p.e) 


( - 2.5 1n (2e/D,) - 3.75] 


(22) 


The experiments of Withers [13] were conducted with water 
Memeo randt] number range of 4 < Pr < 10. It is noted 
that although his experiments were conducted on ribbed tubes 
with helix angles from 37 to 62 degrees, (Table IV), no 
helix angle dependence is expressed in equation (24). 
2. Determination of Effect of Relevant Parameters 

The first determination to be made in the assessment 
of heat transfer coefficient for internally ribbed tubes is 
whether the increase in friction factor, as a result of the 
Mmemienness, is sufficient to account for the increase in heat 
transfer coefficient through application of either equation 
Bie the Prandtl analogy, or equation (17), the Martinelli 


analogy. 
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Figure 35 shows the data of Carnavos [2] as data 
Memmes COMpared to the predictions of equations (16) and (17), 
memerr = 5 and Re = 40,000. The data of Carnavos [2] do not 
correlate well with either of the analogies. Figure 36 com- 
pares equations (16) and (17) to the data of Webb, et al [4] 
for Pr = 5 and Re = 40,000. The Prandtl analogy, equation 
(16), does not accurately predict the Stanton number of the 
repeated-rib roughened tubes whereas the Martinelli analogy 
approximates the data for 4 of the 5 tubes fairly well. 
Figure 37 shows the data of Withers [13] compared to the 
predictions of equations (16) and (17), again for Pr = 5, 
and Re = 40,000. For the Withers [13] data, the Prandtl 
analogy more accurately predicts the experimental data, but 
there is a nearly constant error of 15%. Figure 38 compares 
data of Gee and Webb [3] for air, at Pr = 0.71 and Re = 40,000 
LO equations (16) and (17). The data from the smooth tubes 
of [3] agrees very well with the Prandtl analogy, but a wide 
Variation is seen for the internally ribbed tubes. 

Examination of Figures 35 through 38 indicates that 
the increased friction factors for internally ribbed tubes 
GO not sufficiently account for the observed increase in heat 
transfer coefficient when used with the analogies presented. 
It follows that the relation for heat transfer coefficient 
should itself explicitly be dependent upon the relevant 
geometric parameters of the enhanced tube. 

Figure 39 shows data from Table VI for the repeated- 


rib roughened tubes of Webb, et al [4]. The data points in 
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Figure 39 are for those tubes with a constant pitch-to-qroove 
Pao Of 10. Figure 39 clearly illustrates that the Stanton 
number increases with increasing dimensionless rib height. 
This increase is due to the increased heat transfer area that 
accompanies increased rib height and, more importantly, the 
effects of flow separation and increased turbulence that also 
accompanies increased rib height. Figure 40, also from Table 
VI, shows Stanton number as a function of the pitch-to-groove 
Ratio for a constant dimensionless rib height of 0.02. Figure 
40 illustrates the decrease in heat transfer as pitch-to- 
groove ratio increases. This decrease is due to the decreased 
surface area available for heat transfer and, more importantly, 
the decreased turbulence when the ribs are spaced further 
eeart . 

Figure 41 shows the data of Gee and Webb [3] from Table 
V. In Figure 41, Stanton number is plotted as a function of 
helix angle for a constant dimensionless rib height of 0.01 
and a constant pitch-to-groove ratio of 15. Figure 41 illus- 
trates the increase in heat transfer coefficient for the in- 
crease in helix angle. The increased helix angle increases 
the heat transfer of the ribbed tube by increasing the turbu- 
lence in the flow. 

Figures 39, 40, and 41 indicate that any relation for 
heat transfer coefficient must contain explicit functional 
relationships for the relevant geometrical parameters 


(dimensionless rib height, pitch-to-groove ratio, helix angle). 
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eee comparison Of Empirical Relations to Existing Data 


The comparisons of empirical relations to existing 
data for heat transfer coefficient are conducted on the 
previously stated premise that the friction factor is accu- 
rately known. For the analysis of this section, the friction 
factor used in the empirical relations for Stanton number 
is the experimentally obtained friction factor from the 
Seiginal author. 

Equation (19) from Webb, et al [4] was used to calcu- 
late the Stanton number for the tubes studied by Gee and Webb 
[3], for Pr = 0.71 and Re = 40K. Figure 42 shows the compari- 
son of the experimental data to the predicted value. For 
the internally ribbed tubes of Gee and Webb [3], equation 
(19) predicts the heat transfer coefficient within 153%. 

Figure 43 compares the experimental data of Carnavos 
f2eto the predictions of equation (19) at Pr = 5 and Re = 40K. 
iiemerror in predicted value of Stanton number for the 
Carnavos [2] tubes ranges from 0 to 40%. As seen in Figure 
43 there is no discernible relation between the error of 
predicted value and experimental value attributable to dimen- 
sionless rib height. It should be noted that all the tubes 
studied by Carnavos [2] had either dimensionless rib heights 
greater than 0.05 or pitch-to-groove ratios less than 10. 

Figure 44 compares the data of Withers [13] to the 
predictions of equation (19) for Pr = 5 and Re = 40,000. For 
pitch-to-groove ratios less than 30, the error in predicted 


Stanton number varies from 15-40%, with the larger errors 
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associated with pitch-to-groove ratios less than 10. For 
BEcen—to-groove ratios larger than 30, the error in predicted 
Stanton number is less than 10%. 

Equation (22), derived from equation (20) and the 
experimental data of [3], was used to calculate heat transfer 
coefficients for comparison to the experimental data of Gee 
and Webb [3] at Pr = 0.71 and Re = 40,000. Equation (22) 
correlated the Gee and Webb [3] data within 10%. Comparisons 
of the data of Carnavos [2], Webb et al [4] and Withers [13] 
meme oredictions of equation (22) did not produce any corre- 
Mmeemon., The lack of correlation with the data of these other 
researchers is most probably due to equation (22) being derived 
from experimental data for air, and the subsequent loss of 
the explicit Prandtl number dependence, in deriving equation 
fe2) . 

Equation (23) was not used for comparison purposes 
Smemeto the lack of sufficient data to calculate Aa for the 
tubes of Gee and Webb [3], Webb et al [4], and Withers [13]. 

The data of Gee and Webb [3] from Table V was compared 
memenie predictions of equation (24) from Withers [13] (see 
Figure 45). For Pr = 0.71 and Re = 40,000 the predictions 
of equation (24) are within 20% of the experimentally deter- 
mamed heat transfer coefficients. A comparison of the data 
of Webb et al [4] for a constant dimensionless rib height of 
0.02 and a constant helix angle of 90 degrees with the pre- 
dictions of equation (24) is shown in Figure 46. For a pitch- 


to-groove ratio of 10, the predictions of equation (24) are 
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approximately 25% high, but do improve for increasing pitch- 
to-groove ratios. For a constant pitch-to-groove ratio of 

10, and a constant helix angle of 90 degrees, Figure 47 shows 
the data of Webb et al [4] for varying values of dimension- 
less rib height, compared to the predictions of equation (24). 
Figures 46 and 47 show that the error in heat transfer coeffi- 
cient as predicted by equation (24) increases for increasing 
dimensionless rib height and decreasing pitch-to-groove ratio. 

Comparison of the predictions of equation (24) to 
the data of Carnavos [2] showed large variations (as much as 
feiaeccor Of 3) and did not provide any further information. 

4. Summary 

The application of a heat transfer similarity analysis, 
after Dipprey and Sabersky [19], is shown by several inves- 
tigators to be a useful correlating method. The data of the 
individual investigators correlate well with the equations 
presented for their enhanced tubes. In some instances (see 
Figures 45 and 46), data from the studies of dissimilar tubes 
correlates well with the empirical relations of other 
investigators. 

AewwWasmeounc im tne application of the law of <he 
feel analysis for friction factor, the heat transfer simi- 
larity analysis must include the effects of all the relevant 
parameters (dimensionless rib height, pitch-to-groove ratio, 
helix angle, and Prandtl number) to accurately predict the 
Meat transter coefficient for repeated-rib roughened tubes 


mgd internally, spirally ribbed tubes. 
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HeiceloOumuc 2 sccm. ved TOmeair (Pr = 0.71), gives a 
very accurate prediction for the heat transfer coefficient 
with air as the working fluid. Its application to other 
Prandtl number fluids is still to be determined. Equation 
(20) from which equation (22) was formulated, could be of 
value if sufficient data were available to derive a relation 
Semeees CO equation (22) for various tube geometries. 

Equations (19) and (24) are limited in their appli- 
cation since neither contains all the relevant parameters 
affecting heat transfer performance. There is not sufficient 
data available for a given family of ribbed tubes to determine 
the effect of all the relevant parameters to allow modifica- 


imme Of equations (19) and (22). 


Meee CRALLY CORRUGATED TUBES 
moe Emoirical Relations 
Mehta and Rao [6] and Gupta and Rao [7] propose 
Similar relations for the heat transfer coefficient as a 
Mamet LoOn Of the Prandtl number and the tube geometry. 


168 . 0.8e°>°>" _ 0.4 


0.029e. Re Pr (25) 


Nu 


450 0.8e'°" _0.4e?>° 


Nu 0.029e. Re '° Ea (26) 


Peucttonmi25)eetrom [6] amd equation (26) from, [7] 
both use the severity factor as the correlating parameter. 


The Prandtl number range for equation (25) was not specifically 
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stated, but it may be assumed to be representative of the 
Prandtl number range encountered in steam condensing applica- 
tions with water as the tube-side fluid. The Prandtl number 
range for equation (26) is reported as 5 < Pr < 82. This 
rather large range of Prandtl numbers is indicative of the 
variety of working fluids used in the experiments of Gupta 
and Rao [7]. 

For the single start, spirally corrugated tubes studied 


by Withers [12], the recommended empirical relation is: 


Ee 
= = : : (27) 
mee (e/Diias  (p/e)a / sBzys (eo Ol ummy 
where: 
mS, In(2e/D,) + 3.75 


Comparison of equation (27) to equation (24) shows that the 
equations are the same in form, and use the same correlating 
parameters. The difference in the two equations is in the 
mwabue Of the constants and the exponents of the correlating 
parameters. These differences are to account for the two 
dissimilar geometries of the Korodense and Turbo-chil tubes. 
The Prandtl number range for equation (27) is reported as 
5 gl cel Oa 

bi, et al [16] propose an empirical relation for 
Stanton number as a function of the geometric parameters 
and physical parameters for the enhanced tube, including the 


helix angle dependence: 


eo 





St = EE ae (23) 
S242 in(D,/2e) - 4,64 +g 


where: 


ia E ete) emcee. pr (e') 1904140. 105In(e/Di) | 
The experiments of Li, et al [16] were conducted with water 
as the tube-side fluid (Pr = 5). 

It should be noted that equations (27) and (28), 
though not precisely of the form of equation (18), do reflect 
a dependency on ae and the geometric characteristics of the 
corrugated tube. 

2. Determination of the Effect of Relevant Parameters 

Following the method of analysis used for ribbed tubes 
in Section III.B.2, the first determination to be made for 
eeerally connugated tubes is the applicability of the Prandtl 
analogy (equation (16), and the Martinelli analogy (equation 
wry) ). 

Figures 48 and 49 compare the experimental data of 
Withers [12] and Li, et al [16] to both equations (16) and 
(17) for Pr = 5 and Re = 40,000. In neither case do the 
experimental data correlate well with the analogies. A 
Similar comparison to the data of Mehta and Rao [6] and Gupta 
and Rao [7] produced no correlation. 

Figure 50 is a plot of data taken from Table XIV for 


the tubes studied by Li, et al [16] for single-start corrugated 
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tubes with pitch-to-groove ratios of 10 and dimensionless 
groove depths of 0.04, and data taken from Table XII for the 
tubes studied by Cunningham and Milne [ll] for multiple- 
start corrugated tubes with pitch-to-groove ratios of 32 

and dimensionless groove depths of 0.018. Figure 50 illus- 
trates that for a constant pitch-to-groove ratio and a con- 
stant dimensionless groove depth, Stanton number increases 
with increasing helix angle. This increase in Stanton number 
may be attributed to the increased turbulence caused by the 
groove becoming closer to a transverse position to the flow. 

Figure 51 plots data taken from Tables XII and XIII 
for single start tubes of Gupta and Rao [7] for a constant 
pitch-to-groove ratio of 20 and a helix angle that is essen- 
tially constant (80 degrees + 3 degrees). Figure 5l illus- 
trates the increase in Stanton number for increasing dimen- 
sionless groove depth. This increase in Stanton number is 
most likely due to the increased separation that occurs with 
an increase in groove depth(s). 

For single-start tubes, insufficient data are avail- 
able for a family of tubes to make an accurate determination 
Seemtne Gifect Of pitch-to-groove ratio on the heat transfer 
coefficient as a function of the pitch-to-groove ratio. By 
comparison of the semi-circular profile of the ribs of the 
Withers [13] tubes to the profile of a spirally corrugated 
tube groove, a representative comparison may be made, however. 


Weang the data of Table XIII from Withers [13] for multiple-start 
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tubes (internally ribbed), Figure 52 shows a decrease in 
Stanton number for an increase in pitch-to-groove ratio, at 
a constant helix angle of approximately 45 degrees and a 
constant dimensionless groove depth of 0.03. 

Examination of Figures 50, 51, and 52 show that the 
relevant parameters for spirally corrugated tubes are the 
Same as the relevant parameters for the internally spirally 
ribbed tubes and the repeated-rib roughened tubes. 

3. Comparison of Empirical Relations to Existing Data 

The empirical relations of Mehta and Rao [6] and 
Gupta and Rao [7] were not used for comparison to the data 
of Withers [12] and Li, et al [16]. As was demonstrated 
in the thorough examination of the severity factor as a 
Berrelating parameter for friction factor, the use of the 
severity factor as the singie correlating parameter is very 
limited in that the severity factor reflects an arbitrary 
combination of the dimensionless groove depth and pitch-to- 
M@eoove ratio, and does not reflect the influence of the 
helix angle. Additionally, the severity factor is only 
marginally successful in correlating data in a very narrow 
Fange of values of severity factor. 

The comparisons of empirical relations to existing 
data for spirally corrugated tubes will be conducted also 
Beeche basis that the friction factor is accurately known 
for use in the empirical relation. 

Figure 53 compares the experimental data of Li, et 


al [16] to the predictions of equation (27) from Withers [12]. 
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meerGcure 53 the point-by—-polint comparison is plotted for 
Stanton number as a function of the dimensionless groove 
depth at Pr = 5 and Re = 40K. As can be seen in Figure 
53, for dimensionless groove depths less than 0.05, equation 
(27) predicts the heat transfer coefficient within 253%. 
Mmemroemnoted that the dimensionless groove depths less than 
Meee correspond to tubes with pitch-to-croove ratios greater 
than 10. For dimensionless groove depths greater than 0.05 
feeeees ponding to pitch-to-sroove ratios less than 10) the 
error between predicted and observed values of heat trans- 
fer coefficient increases to approximately 50%. Note also 
Mm@etenprediction errors decrease as the dimensionless groove 
depth decreases. 

Figure 54 shows the data of Withers [12] compared to 
Memo leadictions of equation (28) from Li, et al [16j. In 
Figure 54, 11 of the 14 data points correlate within 153%, 
With 9 of the 14 data points correlating within 10%. The 
Peeemaining data points correlate by 37%, 23%, and 20% for 


dimensionless groove depths of 0.052, 0.047, and 0.043 


respectively. 
4, Summary 


The heat transfer similarity analysis, after Dipprey 
and Sabersky [19], as applied by Withers [12] and Li, et al 
[16] produces very good correlation to experimental data. 
The reader is cautioned, however, that the data of Withers 


Meeyeand Li, et al [16] for single start corrugated tubes 
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are within a somewhat narrow band of helix angles (See 
Tables IX and xX). The range of helix angles is 
fee oO < 88. 

Bauatdon (27) Correlates data from Li, et al [16] 
with some accuracy, but does not include a functional rela- 
tion for the effects of helix angle. Equation (28) is more 
accurate in the prediction of heat transfer coefficient, and 
explicitly relates Stanton number to helix angle. 

Equation (28) is recommended as an empirical rela- 
tion for Stanton number as a function of the relevant physi- 
cal parameters (Prandtl number, Reynolds number) and the 
relevant geometric parameters (dimensionless groove depth, 
pitch-to-groove ratio, helix angle). The reader is cautioned 
that equation (28) will not accurately predict the heat 
transfer coefficient for dimensionless groove depths greater 


than 0.05 and/or pitch-to-groove ratios less than 10. 





IV. CONCLUSION AND RECOMMENDATIONS 


A. CONCLUSION 

Equation (14) for friction factor was substituted into 
equation (28) for Stanton number and the resulting relation 
was used to calculate Stanton number for single-start and 
multiple-start Spirally corrugated tubes. Figure 55 plots 
the Stanton number as calculated by equation (28) vs. the 
experimentally obtained Stanton number. The dashed lines 
represent +15% of the experimentally obtained Stanton number. 
Memseen in Figure 55, all the predicted Stanton numbers with 
the exception of those for the Cunningham and Milne [11] 
tubes are within +15% of the experimental values. 

The data points shown in Figure 55 are for those tubes 
with pitch-to-groove ratios greater than 10 and dimension- 
Mess groove depths less than 0.05. The calculated Stanton 
numbers for the spirally corrugated tubes and the internally 
ribbed tubes with geometric parameters outside these stated 
Mimics did not correlate. 

Pum@emoo £rom [4] provides a graphic illustration of 
the influence of the pitch-to-groove ratio on the fluid flow 
pattern in a repeated-rib roughened tube. For pitch-to- 
groove ratios csreater than 10, the boundary laver disturbed 
by the rib becomes re-attached to the tube wall, thereby 


increasing heat transfer with the increased turbulence. For 
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Mieco ne s6 Flow patterns as a function of pitch-to- 
groove ratio. From [4] . Bracketed reference 
numbers refer to references contained in [4] ; 
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pitch-to-groove ratios less than 8, boundary layer re- 


attachment is inhibited, decreasing heat transfer [4]. 


B. RECOMMENDATIONS 

Equations (14) and (28) are recommended as empirical 
meetetons for the friction factor and Stanton number for 
egeee=start and multiple-start spirally corrugated tubes 


eeemene £oOllowing conditions: 


1) e/D; <a005,, 

Zieep/e > LO, 

fee tO,000 < Re < 80,000, 
feeeo.71 < Pr < 10, and 


Pe o> < oa < 85. 


fiat Lemains to be accomplished is two-fold: 

1) More experimental data are needed for specific families 
of tubes. An experimental program must be well-planned to 
include a family of tubes with the pitch-to-groove ratio 
and the dimensionless groove depth constant for the family 
while the helix angle is varied by varying the number of 
Bmeeeve Starts. An additional family of tubes that are 
geometrically similar to the first family must then be 
investigated with the helix angle held constant and the 
pitch-to-groove ratio constant, while varying the dimension- 
less groove depth. The third set of data must be from 
another family of geometrically similar tubes with the helix 


angle held constant, the dimensionless groove depth constant, 


nal 





while varying the pitch-to~groove ratio. This complete set 
of experimental data for geometrically similar families of 
tubes will allow more thorough examination of the exponent 
for the helix angle term in equation (28) and the refinement 
of the constants and exponents of the functional relationship 
terms for pitch-to-groove ratio and dimensionless groove 
depth imeequation (28). 

2) Equations (14) and (28) must be applied to an optimi- 
zation routine to determine the best condenser tube. The 
Optimization must be concerned with one of the three design 
Criteria [4]: 

a) for a constant heat load and constant pumping 
power, minimize surface area, or 

b) for a constant heat load and constant surface 
area, minimize pumping power, or 

¢c) for a constant pumping power and constant sur- 
face area, maximize heat transfer. 

An additional research area that must accompany the 
ongoing research in the tube-side performance characteris- 
tics is research into the enhancement benefits on the shell- 
Picemor tne Condenser, as may be found with the Turbo-chil 


muge (Ficure 6.b). 
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